Previously, we reported that extracellular high-mobility group box 1 (HMGB1) functions as an innate alarmin implicated in cardiac allograft acute rejection. We now present evidence suggesting that HMGB1 is pivotal in inducing interleukin-17 (IL-17)-producing alloreactive T cells by stimulating dendritic cells secretion of IL-6. Those IL-17 þ T cells are likely to be the major effector cells responsible for the early stage of cardiac allograft rejection through mediating an influx of neutrophils into allografts, and therefore, blockade of IL-17A significantly prolonged murine cardiac allograft survival. In contrast to the classical model for a dominant role of IFN-g þ -Th1 cells have in acute allograft rejection, our data suggest that IFN-g þ -Th1 cells are responsible for the late stage of graft destruction by inducing monocyte infiltration when IL-17 þ T-cell response recedes. Blockade of HMGB1 significantly decreased splenic alloreactive Th17 cells and IFN-g-producing CD8
Previously, we reported that extracellular high-mobility group box 1 (HMGB1) functions as an innate alarmin implicated in cardiac allograft acute rejection. We now present evidence suggesting that HMGB1 is pivotal in inducing interleukin-17 (IL-17)-producing alloreactive T cells by stimulating dendritic cells secretion of IL-6. Those IL-17 þ T cells are likely to be the major effector cells responsible for the early stage of cardiac allograft rejection through mediating an influx of neutrophils into allografts, and therefore, blockade of IL-17A significantly prolonged murine cardiac allograft survival. In contrast to the classical model for a dominant role of IFN-g þ -Th1 cells have in acute allograft rejection, our data suggest that IFN-g þ -Th1 cells are responsible for the late stage of graft destruction by inducing monocyte infiltration when IL-17 þ T-cell response recedes. Blockade of HMGB1 significantly decreased splenic alloreactive Th17 cells and IFN-g-producing CD8
þ T cells in the recipients, leading to less infiltration of neutrophils along with lower IL-6 and IL-17 expression levels in the grafts as well as prolongation of cardiac allograft survival. Together, these data support a novel model in which HMGB1 induces IL-17-producing alloreactive T cells to mediate early stage of allograft rejection, whereas IFN-g-producing alloreactive Th1 cells provoke graft destruction after Th17 response recedes. KEYWORDS: allograft rejection; HMGB1; Th17; transplantation Th17 cells are a recently identified T-helper subset implicated in various inflammatory responses and in the pathogenesis of many autoimmune diseases. 1, 2 They are characterized as preferential producers of interleukin-17A (IL-17A), IL-17F, IL-21, and IL-22. 3 Naive CD4 þ T cells can be polarized into Th17 cells on antigen receptor ligation in the presence of IL-6 and TGF-b. 4, 5 The orphan nuclear receptor RORgt has been suggested to be responsible for the transcription of genes encoding IL-17 family cytokines, 6 whereas RORa synergizes with RORgt to promote differentiation and function of Th17 cells. 7 In contrast, IL-23 expands differentiated Th17 cells or maintains IL-17 production, and IL-21 functions in an autocrine manner to promote Th17 cell differentiation along with TGF-b. 1, 8 It is noteworthy that IL-6 controls Th17 immunity by inhibiting the conversion of naive CD4 þ T cells into Foxp3 þ regulatory T cells. 9 Unlike its well recognition in the pathogenesis of autoimmune disorders such as inflammatory bowel disease and multiple sclerosis, 2,10-13 the exact role of Th17 response in allograft rejection largely remained enigmatic. Conventionally, Th1 cells and cytotoxic CD8 þ T cells induced by alloantigen stimuli were thought to be important in allograft rejection. However, recent studies provided evidence suggesting a role for IL-17 in acute allograft rejection, 14 and blockade of IL-17 action by an IL-17R/IgG-Fc fusion protein prolonged cardiac allograft survival. 15 Patients undergone acute renal or lung allograft rejection were also found to be associated with increased IL-17 in the serum or bronchoalveolar lavage. 16, 17 Nevertheless, a comprehensive picture of Th17 cells in allograft rejection and their relationship with Th1 cells in the alloimmunity settings remained elusive.
High-mobility group box 1 (HMGB1) was originally characterized as a nuclear protein implicated in facilitating DNA binding. 18 Recent studies have now consistently demonstrated that it also functions as a critical mediator to initiate innate immune response on inflammatory or other insults. HMGB1 can be either secreted by activated immune cells such as monocytes and macrophages or passively released by necrotic or damaged cells. [19] [20] [21] Previously, we demonstrated a role for HMGB1 in the initiation and progression of allograft rejection. 22 In this study, we sought to understand the role of HMGB1 in de novo generation of IL-17 þ T cells during acute allograft rejection. Our study data suggest that IL-17 þ T cells could be essential for the early stage of allograft rejection by inducing an influx of neutrophils into allografts, whereas IFN-g þ -Th1 cells are likely responsible for the late graft destruction by enhancing monocyte infiltrations after Th17 response recedes, and this process is tightly controlled by HMGB1 through regulation of IL-6 production from dendritic cells (DCs).
MATERIALS AND METHODS Animals BALB/c (H-2
d ) mice were obtained from the Animal Facility of Tongji Medical College, China. C57BL/6 (H-2 b ) mice were purchased from the Institute of Organ Transplantation of Tongji Hospital, China. C3H/HeOuj mice were purchased from the Jackson Laboratory. Female mice (6-to 8-week old, body weight 20-30 g) were used for the study. The mice were bred and maintained in a specific pathogen-free barrier facility. All the studies were performed in compliance with the Tongji Medical College Animal Care and Use Committee guidelines.
Antibodies and Reagents
Expression and purification of mouse recombinant HMGB1 (rHMGB1) were carried out as previously described. 22 LPS contamination in purified rHMGB1 was less than 4 pg/mg protein as determined by endotoxin-specific chromogenic limulus test (Seikagaku Corporation, Tokyo, Japan). HMGB1 antibodies (Abs) were produced by immunizing New Zealand white rabbits with rHMGB1 and Abs with neutralizing activities were tested as reported. 23 Affinity-purified antiCD8a (clone 53-6.7) and IL-17A-neutralizing mAb (clone TC11-18H10.1) and control rat IgG were purchased from Biolegend (San Diego, CA, USA). FITC-labeled anti-CD4 (clone GK1.5), FITC-labeled anti-CD8a (53-6.7), PE-labeled anti-IFN-g, PE-labeled anti-IL-17 (clone TC11-18H10), and purified rat anti-mouse CD4 (clone RM4-5) were purchased from BD Pharmingen (San Jose, CA, USA). IL-6-blocking Ab (clone MP5-20F3), Gr-1 (clone RB6-8C5), F4/80 (clone BM8), PE-Cy5-labeled anti-mouse CD4 (GK1.5), and antiCD8a (53-6.7) were purchased from eBioscience (San Diego, CA, USA). LPS and mitomycin were obtained from SigmaAldrich (Saint Louis, MO, USA).
Cardiac Allograft Transplantation and HMGB1-or IL-17-Neutralizing Ab Administration C57BL/6 (H-2 b ) mice were used as recipients and BALB/c (H-2 d ) mice were used as donors. BALB/c to BALB/c mice were used as the combination of syngeneic grafts transplantation. Heterotopic cardiac transplantation and assessment of allograft function were conducted as described previously. 24 Briefly, the cardiac allograft was transplanted in the abdominal cavity by anastomosing the aorta and pulmonary artery of the graft end-to-side to the recipient's aorta and vena cava, respectively. Allograft function was assessed by daily palpation of the abdomen. Rejection was defined as complete cessation of cardiac contractility as determined by direct visualization. HMGB1-neutralizing Ab (600 mg per mouse) was intraperitoneally (i.p.) injected daily into recipients from the day before transplantation till day 3 or day 4 after transplantation. Recipients received same amount of normal rabbit IgG (Sigma-Aldrich) were served as controls. IL-17A-neutralizing mAb (100 mg per mouse) was administered to each recipient i.p. from the day of transplantation until day 3 after transplantation. Mice receiving same amount of rat IgG were used as controls. Allograft survival was present as mean survival time (MST).
Ex Vivo Stimulation of Splenic T Cells of Recipients by Donor Splenocytes and Analysis of Cytokine Production
The heart allografts from BALB/c donor mice were transplanted into C57BL/6 or BALB/c recipient mice, splenocytes (nZ3 mice per time point) from recipients were then prepared at days 1, 3, 5, and 7 after transplantation. Splenocytes were stimulated for 4.5 h in the presence of 50 ng/ml PMA, 1 mg/ml ionomycin, and 2 mM monensin (all from SigmaAldrich) at 371C under 5% CO 2 . To determine the allospecificity of IL-17 productions by splenic T cell, splenic T cells were subjected to ex vivo stimulation by donor (BALB/c) or third party (C3H/HeOuj) splenocytes (which were treated with mitomycin and labeled with CFSE to distinguish from the splenic T cells of recipients) for 5 days with or without additional 4.5 h activation by PMA and ionomycin in the presence of monensin. The cells were then stained for surface markers followed by labeling with specific cytokine Abs or isotype controls. Intracellular cytokine production was then analyzed by flow cytometry on FACSCalibur (BD Biosciences, Mountain View, CA, USA) using CellQuest software (BD Biosciences) as instructed.
SYBR Green Real-Time RT-PCR
The recipient mice were killed at indicated time after transplantation. Cardiac allografts were collected and subjected to RNA isolation using the TRIzol (Invitrogen, Carlsbad, CA, USA) reagent according to the manufacturer's instruction. cDNA was synthesized from 2 mg RNA using a first-strand DNA synthesis kit (Fermentas Life Sciences, St Leon-Rot, Germany). The mRNA levels for HMGB1, IL-6, IL-17, and IFN-g in the grafts were analyzed by real-time PCR using iCycler (Bio-Rad). PCR reaction mixture was prepared using SYBR Premix Ex Taq (TaKaRa) according to the manufacturer's instructions. Primers for PCR amplification were as follows:
0 . Relative expression levels for cytokines were normalized by GAPDH and calculated by using the 2
ÀDDCt method and expressed in arbitrary units. The expression of each cytokine in normal mice was used as calibrator.
Histological and Immunohistochemical Analyses
Hematoxylin/eosin staining was used to assess the pathological changes of sections derived from cardiac allografts. Tissue sections were also double stained for CD4 and IL-17 for analysis of in situ allograft-infiltrating CD4
þ IL-17 þ T cells using the established techniques. 22, 24 To identify the cell types of infiltrates in the allogeneic or syngeneic cardiac grafts, we stained tissue sections for CD4, CD8, Gr-1, or F4/ 80 by immunohistochemical staining method. Briefly, after deparaffinization and rehydration, the sections were treated with 3% H 2 O 2 followed by blocking with 10% goat serum in PBS. The sections were then stained for CD4, CD8, Gr-1, or F4/80 overnight at 41C. The numbers of positive cells were counted on five randomly chosen fields of graft sections in each animal at 200-fold magnification, by an examiner without any prior knowledge of the experimental procedures. The counts are normalized to tissue area and are shown in mm 2 .
Generation of BMDCs and MLC
Bone-marrow-derived dendritic cells (BMDCs) were generated from bone marrow cells in the presence of GM-CSF and IL-4 as reported. 25 After 7 days of culture, the cells were stimulated with rHMGB1 (5 mg/ml) or LPS (500 ng/ml) for 18 h to induce IL-6 secretion. For mixed lymphocyte culture (MLC), 5 Â 10 6 C57BL/6 T cells were cultured with 2.5 Â 10 6 BALB/c BMDCs in six-well plates containing TGF-b (2.5 ng/ml) and/or IL-6 (20 ng/ml) (Preprotech, London, UK) with or without rHMGB1 (5 mg/ml). To determine the effect of IL-6 on HMGB1-mediated Th17 polarization, we blocked the cultures with an anti-IL-6 Ab (5 mg/ml) or rat IgG followed by flow cytometric analysis of IL-17-producing cells as described above. The production of IL-6, IFN-g, and IL-17A in culture supernatants was determined by ELISA kits from eBioscience.
Statistical Analysis
Data are presented as mean ± s.d. Group comparisons were performed using Student's t-test. P-values (two tailed) below 0.05 were considered as statistically significant. Allograft survival curves were generated by the Kaplan-Meier method. Allograft survival (MST) differences between groups were determined using the log-rank test.
RESULTS

Kinetics for IL-17
þ and IFN-c þ Alloreactive T-Cell Production during Acute Allograft Rejection We first sought to determine the kinetics for IL-17 þ and IFN-g þ alloreactive T-cell production during acute allograft rejection. A murine cardiac allograft transplantation model was used to address the question. The recipient mice were kept untreated to allow the development of acute allograft rejection. Splenic T cells were isolated from recipient mice at indicated time after transplantation and then subjected to analysis of IL-17 þ and IFN-g þ alloreactive T cells. Interestingly, the alloimmune response after the first 7 days of transplantation was dominated by IL-17-producing CD4 To further confirm the above results, we performed quantitative real-time PCR analysis of HMGB1, IL-6, IL-17, and IFN-g in the cardiac allografts. We observed a timedependent increase of HMGB1 mRNA in allogeneic cardiac grafts from day 1 through days 3, 5, and 7 after transplantation ( Figure 3 ). In agreement, the highest expression level for IL-17 within the grafts was noted at day 3 after transplantation and then receded to a relatively low level, whereas the expression levels for IFN-g showed a steady increase through days 1-7 after transplantation. More interestingly, the expression pattern for IL-6 in the grafts was compatible with that of IL-17 ( Figure 3 ), demonstrating that IL-17 þ alloreative T cells are probably the major effector cells implicated in early acute allograft rejection.
IL-17-Producing Alloreactive T Cells Promote Allograft Rejection by Enhancing Neutrophil Infiltration
To further address the involvement of CD4 þ IL-17-producing T cells in allograft rejection, we performed immunostaining of cardiac allograft sections with FITC-labeled anti-CD4 and PE-labeled anti-IL-17 Abs. CD4
þ IL-17 þ T cells were detected in the grafts at day 3 after transplantation, whereas these cells were absent from sections originated from recipients after day 7 of transplantation ( Figure 4a) . Next, we HMGB1 enhances Th17 alloimmunity L Duan et al examined inflammatory cell infiltration in the cardiac allografts. It was found that neutrophils were the major infiltrates at the early stage of allograft rejection (ie, on day 3), whereas mononuclear cells (eg, monocytes and macrophages) were the major components for late stage of infiltrates (Figure 4b , c, and d).
HMGB1 Augments CD4
þ IL-17 þ Alloreactive T-Cell Response during Early Acute Allograft Rejection Previously, we demonstrated the implication of HMGB1 in acute allograft rejection. 22 We now sought to address the role of HMGB1 in IL-17-producing alloreactive T-cell response during acute allograft rejection. For this purpose, an HMGB1-neutralizing Ab was i.p. injected into cardiac allograft recipient mice as described. Mice receiving same amount of control IgG served as controls. Blockade of HMGB1 significantly suppressed Th17 response as manifested by the decrease of CD4 þ IL-17 þ alloreactive T cells after day 3 of transplantation, whereas blockade of HMGB1 showed very minor effect on CD8 þ IL-17 þ alloreactive T cells (Figure 5a) . Consistently, quantitative RT-PCR analysis of IL-6 and IL-17 in the cardiac allografts at day 3 after transplantation revealed a remarkable decrease of mRNA levels of these cytokines after blockade of HMGB1 ( Figure  5b) . In contrast to controls, the infiltration of neutrophils in cardiac allograft was dramatically attenuated upon administration of HMGB1-blocking Ab (Figure 5c ). Moreover, blockade of HMGB1 also significantly decreased serum IL-17A in recipients after day 3 of transplantation ( Figure 5d ).
Blockade of IL-17A and HMGB1 Delays Cardiac Allograft Acute Rejection
To examine directly a link between IL-17 and cardiac allograft rejection as well as neutrophil recruitment, we administered a Figure 6a ). In line with this result, IL-17A-neutralizing Ab treatment significantly attenuated neutrophil infiltration (Figure 6b ). Recipients treated with anti-HMGB1 Abs had a significant longer allograft survival time (MST ¼ 13.83 ± 0.6 days; n ¼ 6) as compared to that of recipients treated with rabbit IgG (MST ¼ 7.16±0.6 days; n ¼ 6) (**Po0.01; Figure  6c ). Consistently, flow cytometry revealed that administration of anti-HMGB1 Abs also significantly decreased the percentage of splenic alloreactive IFN-g-producing CD8 þ T cells in recipients compared with that of controls (*Po0.05; Figure 6d ).
HMGB1 Polarizes Th17
Response by Stimulating DC Secretion of IL-6 As HMGB1 has been shown to be potent to stimulate myeloid and plasmacytoid DC maturation and cytokine secretion, 26, 27 we hypothesized that HMGB1 may augment Th17 response by stimulating DC secretion of cytokines (eg, TGF-b and/or IL-6) relevant to Th17 development. To address this hypothesis, we established MLC assays by using BMDCs derived from donor mice and splenic T cells received from recipient mice. BMDCs were co-cultured with recipient- HMGB1 enhances Th17 alloimmunity L Duan et al the production of CD4 þ IFN-g þ T cells (Figure 7b ). To tackle the underlying mechanism, we added an IL-6-neutralizing Ab into the culture system. Remarkably, blockade of IL-6 abolished the regulatory effect of HMGB1 on IL-17 þ T-cell production (Figure 7b) .
To further examine the implication of IL-6 in HMGB1-mediated Th17 response, we examined the capacity of HMGB1 to induce BMDCs secretion of IL-6. Similar to LPS, HMGB1 is also potent to stimulate BMDCs secretion of IL-6 ( Figure 8a ). We then checked IL-6 production of supernatants from MLC in the presence of HMGB1, and similar results were obtained (Figure 8b ). It is noteworthy that IL-17 production was enhanced in MLC assays stimulated with HMGB1 in the presence of TGF-b (Figure 8c ). In contrast, TGF-b showed very limited effect on IFN-g secretion in MLC assays stimulated by HMGB1 (Figure 8d ), which could be due to its anti-inflammatory effect.
DISCUSSION
In this study, we have shown that alloreactive Th1 and Th17 responses exhibit a differential kinetics in the process of cardiac allograft rejection. Our study results demonstrate that HMGB1 plays a pivotal role in the induction of IL-17-producing alloreactive T cells by stimulating DCs secretion of IL-6. There is increasing evidence that acute allograft rejection might be triggered by different types of helper T cells acting through redundant or synergistic pathways. Indeed, Th1 responses initiate allograft rejection by promoting cytotoxic T-cell activities and IFN-g-mediated delayed-type hypersensitivity reactions. 28 Th2 cells activated through indirect allorecognition can exert dual effects on acute and chronic rejection of allogeneic transplants. 29 The newly identified Th17 subset, which preferentially produces IL-17, is also endowed with potent proinflammatory properties, and it is also very likely involved in transplant rejection. 3 We now demonstrated experimental evidence indicating that Th17 alloreactive response has a key function at the early stage of allograft rejection, in advance of the allograft destruction caused by IFN-g-producing Th1 cells. Of note, the compatible IL-6 expression pattern as IL-17 observed in the allografts may represent a critical factor facilitating the generation of IL-17-producing T cells. Conversely, an overwhelming IFN-g production (Th1 response) at the late stage of allorejection suppressed Th17 response. These findings also agree with a recent report that that Th17 cells have a disease-promoting function at the early stage of corneal allograft rejection. 30 Furthermore, in line with our results, it has been shown that in addition to IL-1a, HMGB1 as a second mediator released from damaged human endothelial cells modulates alloreactive T-cell IFN-g and IL-17 production. Interestingly, HMGB1 functions by inducing IL-1b secretion from monocytes through TLR4 and CD14. 31 Our data indicate that HMGB1 also enhances Th17 alloreactive response by inducing IL-6 production from DCs.
It has been shown that IL-17 acts as a potent proinflammatory cytokine to induce tissue damage at least in part through neutrophil recruitment. 3, 28 Activated neutrophils have been suggested to have significant implications in the pathogenesis of allograft rejection. 32 Combining our observations together with others, 31 we propose that Th17 alloreactive response provides a rapid influx of neutrophils into the grafts, which then mediate early graft damage when the development of IFN-g-producing T cells is still at the early stage. However, once these IFN-g-producing T cells are dominant at the late stage of rejection, resulting in the influx of monocyte/macrophages into the grafts, the actions of IL-17-producing T cells are then receded to a relatively low level.
More recently, IL-17 has been implicated in rejection of lung, cardiac transplants, as well as graft-vs-host disease (GVHD). It has been demonstrated that a population of type (V) collagen-specific lymphocytes could induce IL-17 expression and mediate graft rejection in a rat lung transplantation model. 33 This finding is supported by clinical observations: prospective monitoring of human lung trans- HMGB1 enhances Th17 alloimmunity L Duan et al plant patients revealed a critical role of collagen (V)-specific cellular immunity in the progression of obliterative bronchiolitis, and an interplay between Th17 cells and monocytes is critically important in this allograft-induced autoimmune response. 34 Moreover, pretransplant patients who show collagen (V) reactivity have an increased incidence of early graft dysfunction following transplantation. 35 Most recently, two groups have shown that a highly purified population of Th17 cells is capable of inducing lethal GVHD, hallmarked by extensive pathologic cutaneous and pulmonary lesions. 36 IL-17 is dispensable for GVHD and graft vs tumor activity by whole T cells, but contributes to the early development of CD4-mediated GVHD by promoting production of proinflammatory cytokines. 37 Interestingly, recent studies indicated that IL-17 functions as a critical inflammatory cytokine to mediate cardiac allograft rejection and vasculopathy in T-bet À/À mice. These results further support our finding that CD4
þ Th17 may have an important role in the alloimmunity settings in the absence of Th1-mediated alloimmune response. 38 As an innate alarmin, HMGB1 is implicated in the initiation of inflammatory response following acute, local organ injury. 39 HMGB1 is also evident in the pathogenesis of some autoimmune disorders characterized by altered Th17 responses such as multiple sclerosis, rheumatoid arthritis, and experimental autoimmune encephalomyelitis. 40 In line with these reports, we have previously demonstrated that high amount of HMGB1 can be passively released by damaged cells of allografts and actively secreted by allograftinfiltrated immune cells such as DCs and macrophages. 22 In this study, we also detected a time-dependent increase of HMGB1 mRNA in allogeneic cardiac grafts after transplantation. Nevertheless, considering organ collection and ischemia/reperfusion insults result in passive release of HMGB1 by damaged cells of allografts, HMGB1 may contribute the initiation of alloimmune response at a fast kinetics than that observed at the mRNA levels. Notably, we observed that blockade of HMGB1 exhibited higher potency than neutralization of IL-17 in terms of attenuation of neutrophil infiltration, which could be due to that HMGB1 may drive neutrophil recruitment synergistically along with IL-17. Interestingly, consistent with our previous observation that rA-box treatment delays cardiac allograft rejection, 22 we found that administration of anti-HMGB1 Abs also prolongs allograft survival, which is associated with inhibition of both alloreactive Th17 and IFN-g-producing CD8
þ T cells. Together, for the first time, we provide direct evidence suggesting that HMGB1 is implicated in the regulation of Th17 response during early acute allograft rejection.
In summary, our studies demonstrated that HMGB1 released by APCs (DC, macrophage) and necrotic cells in the early phase of transplantation promotes APC activation and IL-6 production, which then work together with TGF-b to polarize Th17 response. Altered IL-17 production within the allografts would recruit neutrophils to mediate tissue damage. Likewise, with the progress of alloimmune response, Th1 response induced by IL-12 would have a dominant role in the late phase of acute allograft rejection. Therefore, blockade of HMGB1 at the early stage of alloimmune response could be an effective strategy to minimize allograft damage by suppressing Th17 alloreactive response.
